Fibroblasts consist of heterogeneous subpopulations that have distinct roles in fibrotic responses. Previously we reported enhanced proliferation in response to fibrogenic growth factors and selective activation of latent transforming growth factor (TGF)-␤ in fibroblasts lacking cell surface expression of Thy-1 glycoprotein, suggesting that Thy-1 modulates the fibrogenic potential of fibroblasts. Here we report that compared to controls Thy-1؊/؊ C57BL/6 mice displayed more severe histopathological lung fibrosis, greater accumulation of lung collagen, and increased TGF-␤ activation in the lungs 14 days after intratracheal bleomycin. The majority of cells demonstrating TGF-␤ activation and myofibroblast differentiation in bleomycin-induced lesions were Thy-1-negative. Histological sections from patients with idiopathic pulmonary fibrosis demonstrated absent Thy-1 staining within fibroblastic foci. Normal lung fibroblasts, in both mice and humans, were predominantly Thy-1-positive. The fibrogenic cytokines interleukin-1 and tumor necrosis factor-␣ induced loss of fibroblast Thy-1 surface expression in vitro, which was associated with Thy-1 shedding, Smad phosphorylation, and myofibroblast differentiation. These results suggest that fibrogenic injury promotes loss of lung fibroblast Thy-1 expression, resulting in enhanced fibrogenesis. (Am J Pathol 2005, 167:365-379) Idiopathic pulmonary fibrosis (IPF), with its histopathological signature of usual interstitial pneumonia (UIP), is a paradigmatic, but as yet primarily enigmatic example of uncontrolled fibroproliferation. IPF is remarkable for its insidious onset, dramatic histopathological and pathophysiological derangements, and relentless progression to death regardless of treatment. The etiology of IPF, and the factors that direct its dismal outcome, remain the subject of intense investigation.
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Idiopathic pulmonary fibrosis (IPF), with its histopathological signature of usual interstitial pneumonia (UIP), is a paradigmatic, but as yet primarily enigmatic example of uncontrolled fibroproliferation. IPF is remarkable for its insidious onset, dramatic histopathological and pathophysiological derangements, and relentless progression to death regardless of treatment. The etiology of IPF, and the factors that direct its dismal outcome, remain the subject of intense investigation. 1 Fibroblasts are the cellular sine qua non of fibrosis in most tissues, and the histopathology of IPF underscores this observation. The histopathological feature most clearly correlated with outcome is the presence in lung of fibroblastic foci of young connective tissue, the presence of which portends death within months. 2 Fibroblastic foci seem to represent the fibroproliferative leading edge of the heterogeneous areas of scarring in IPF. [3] [4] [5] The myofibroblasts within these foci are clearly dysregulated in their proliferative and matrix-productive function, yet the origin of these cells, and the factors that lead to their accumulation and persistence, are unknown.
Fibroblasts in most tissues are heterogeneous with respect to size, secretory profile, and surface markers. Fibroblasts within a fibrogenic milieu clearly differ from those in normal tissues. In particular, fibroblasts isolated from lungs with active fibrotic disease have increased proliferative capacity, are capable of anchorage-independent growth, and are morphologically distinct. files. 9 -11 Based on our previous observations of enhanced in vitro proliferative responses of Thy-1-negative fibroblasts to fibrogenic mediators, 12, 13 and our recent finding that Thy-1 limits the ability of fibroblasts to activate latent transforming growth factor (TGF)-␤ and express ␣-smooth muscle actin (␣-SMA), 14 we hypothesized that the absence of Thy-1 correlates with enhanced fibrogenesis.
Thy-1Ϫ/Ϫ mice are viable and have normal life expectancy; however neither fibrosis nor wound healing have been previously explored in these animals. In this study we describe a marked increase in severity of lung fibrosis in response to intratracheal bleomycin (BL) in Thy-1Ϫ/Ϫ mice. Furthermore, in human lung tissues from individuals with IPF/UIP, the myofibroblasts in fibroblastic foci are Thy-1-negative, despite the fact that the majority of fibroblasts from normal lung are Thy-1-positive. Incubation of human lung fibroblasts with cytokines and growth factors important in the initiation or progression of fibrosis results in decreased Thy-1 surface expression concurrent with increased evidence of TGF-␤ signaling and myofibroblastic differentiation. Taken together, these findings suggest that Thy-1-negative fibroblasts have an increased propensity to fibrogenic responses, consistent with their in vitro phenotype, and that a profibrotic milieu may shift fibroblasts toward a Thy-1-negative phenotype. This is thus the first description of a correlation of the absence of fibroblast Thy-1 to fibrosis in murine models and in human patient material.
Materials and Methods

Materials
Formalin-fixed, paraffin-embedded lung tissue was obtained from biopsy or autopsy specimens of individuals with clinical pulmonary fibrosis (Instituto Nacional de Enfermedades Respiratorias, Mexico City, Mexico, and University of Alabama-Birmingham Hospital, Birmingham, AL), in compliance with institutional review board-approved protocols, and in accordance with principles set forth in the Declaration of Helsinki. Informed written consent was obtained from all patients. Diagnosis of IPF was supported by history, physical examination, pulmonary function studies, high-resolution computed tomography, and bronchoalveolar lavage, and was corroborated by open lung biopsy. The morphological diagnosis of IPF was based on typical microscopic findings of UIP. IPF patients fulfilled the diagnostic criteria of the American Thoracic Society and the European Respiratory Society. Diagnosis of hypersensitivity pneumonitis was suspected based on recurrent symptoms after exposure to a known offending antigen, positive precipitating antibodies to the offending antigen, and characteristic findings on high-resolution computed tomography and bronchoalveolar lavage, 15, 16 and was confirmed by characteristic findings on histology. 17 Human lung-and skin-derived primary fibroblasts (CCL-204, CRL-1491, CRL-2076) were obtained from the American Type Culture Collection (Rockville, MD). Additional normal human lung fibroblasts (LN-1) at low passage were the kind gift of Pro- ); rabbit pan-specific antibody to total TGF-␤1, -2, -3 (R&D Systems, Inc., Minneapolis, MN); anti-␤-tubulin (Santa Cruz Biotechnology); and anti-BrdU (BD Pharmingen). Nonimmune rabbit IgG or antibody to trinitrophenol were used as control antibodies for immunohistochemical staining and flow cytometry (03000D and 03004C, BD Pharmingen). Cytokines and growth factors, recombinant mouse interleukin (IL)-1␤, and tumor necrosis factor (TNF)-␣ were obtained from R&D Systems.
Thy-1Ϫ/Ϫ Mice
All animal studies were performed in accordance with Institutional Animal Care and Use Committee-approved protocols. Thy-1 gene-targeted mice were generated on a C57BL/6 background by insertion of a neomycin resistance gene (Neo) into the third exon of the Thy-1 gene. 19 Dr. Michael Bloom at the National Heart, Lung, and Blood Institute (NHLBI, Bethesda, MD) kindly provided Thy-1Ϫ/Ϫ breeding pairs for this project, and a colony of these mice is maintained in our animal facility. Representative mice were examined by the UAB Health Surveillance/Diagnostic Laboratory and found to be free of a panel of 19 murine viral and bacterial pathogens and Mycoplasma pulmonis.
Thy-1Ϫ/Ϫ and age-matched wild-type (WT) mice were anesthetized with ketamine/xylazine intraperitoneally. The trachea was exposed, and BL (Calbiochem, La Jolla, CA) or sterile saline (NS) was injected intratracheally in a volume of 2 l/g body weight (4 U/kg dose BL). The neck wound was closed with wound clips and the animals were returned to microisolator cages and allowed free access to feed and water. A subset of WT mice was injected with BrdU (1 mg, BD Pharmingen) 90 minutes before sacrifice. At 14 days, the thoracic cage was opened under anesthesia and the animals exsanguinated. The left bronchus was ligated, and the left lung removed for hydroxyproline analysis. The right lung was fully inflated with alcoholic formalin at a constant pressure of 15-cm H 2 O for 30 minutes. After fixation, lungs were embedded in paraffin, sectioned at 5 m, and stained on separate glass slides with hematoxylin and eosin (H&E), picrosirius red, and Masson's trichrome, or processed for immunohistochemistry (IHC). In BrdU-injected mice, the lungs were inflated with optimum cutting temperature (OCT) medium, embedded in OCT, and snap-frozen in isopentane precooled in liquid nitrogen. Cryostat sections (4 m) were obtained for immunofluorescence staining.
Morphometric Analysis
Picrosirius red-stained sections were examined by an investigator (M.W.M.) who was blinded to the experimental conditions, using an Olympus BX-51 microscope with polarizing light filter, and imaged using a Spot chargecoupled device (CCD) camera (Diagnostic Instruments, Inc., Sterling Heights, MI). Morphometric analysis of the birefringent signal from picrosirius red-stained collagen was performed using a modification of previously described methods, 20 using Bioquant Nova software (Bioquant Image Analysis Corp., Nashville, TN). Briefly, whole lung sections are visualized at ϫ2 and the lung tissue outlined. Five random regions of interest of 500 ϫ 500 m are selected from peribronchial regions, and 10 regions of interest are selected from alveolar regions, by an observer (M.W.M.) blinded to the experimental conditions. Bright pixels in dark-field images, representing collagen, were selected by thresholding and determined as a percentage of total pixels, averaged throughout the regions of interest. For analysis of IHC staining for active and total TGF-␤, whole lung sections were visualized at ϫ100 using a Nikon Labophot microscope by an investigator blinded to the conditions and imaged using a QiCam fast-cooled CCD color camera at high resolution (1392 ϫ 1040 pixels). Metamorph software version 6.2 r4 (Universal Imaging Corp., Downington, PA) was used to define threshold for positive antibody staining in comparison with nonimmune serum controls. Positive pixels were expressed as a percentage of total tissue area, averaged over six random fields per sample. 21, 22 Hydroxyproline Analysis Left lungs were dissected free of large airways, weighed, minced, and subjected to acid hydrolysis in 6 N HCl (2 ml) for 16 hours at 110°C. The hydrolysate was buffered with an equal volume of 6 N NaOH, filtered, and a measured aliquot removed. Hydroxyproline was converted to pyrrole-2-carboxylic acid by oxidizing the samples with 0.2 mol/L chloramine-T. After 25 minutes, 3.6 mol/L of sodium thiosulfate was added to stop the oxidation. After toluene extraction, Ehrlich's reagent (p-diethylaminobenzaldehyde) was added and optical density read by spectrophotometry at 557 nm. Standard 4-hydoxyproline (Sigma Chemical Co.) was used to generate a standard curve and values are expressed as total lung hydroxyproline. 23 
Histology and IHC
Human lung tissue blocks were cut in 5-m sections, and adjacent sections were analyzed as follows: H&E staining was performed on every fourth section (ie, first, fifth, ninth, etc., cut from a block), to correlate immunochemical staining to histopathology. After antigen unmasking using 10 mmol/L citric acid at 90°C for 30 minutes, and blocking with 50% normal goat serum, intervening sections were stained with the following antibodies: mouse anti-human CD90 (Thy-1), mouse anti-human prolyl 4-hydroxylase, mouse anti-human vimentin, mouse anti-human PCNA, mouse anti-human ␣-SMA, and with appropriate control antibodies. Sections from mice were stained with anti-phospho Smad 2/3, anti-active TGF-␤, anti-total TGF-␤, or control antiserum. Staining was developed with biotinylated secondary antibodies (Southern Biotechnology Associates, Birmingham, AL) and streptavidin-peroxidase (Pierce, Rockford, IL) and either the diaminobenzamidine-nickel reaction mixture (Pierce) or 3-amino-9-ethylcarbazole chromogen (Vector Laboratories, Burlingame, CA). Endogenous peroxidase activity was quenched with 3% H 2 O 2 . Images were obtained with a Spot Insight CCD camera and accompanying software.
Histopathological Scoring
The H&E-and IHC-stained sections were examined by two experienced anatomical pathologists (G.P.S. and C.B.A.), to determine whether they met diagnostic criteria for UIP, 4 and to determine immunohistochemical staining for CD90 (Thy-1). Numbered mouse sections (H&E and Masson's trichrome) were examined by an experienced veterinary pathologist (T.R.S.) who was blinded to the experimental conditions. Lesions were scored according to a modification of previously described methods for inflammatory lesions in murine lungs, 24, 25 taking into account both the extent of tissue involvement and the types and severity of changes within affected areas. For inflammation, individual changes scored were septal macrophages, luminal macrophages, septal neutrophils, luminal neutrophils, septal lymphocytes, luminal lymphocytes, epithelial hypertrophy and hyperplasia, epithelial sloughing, septal edema, luminal proteinic material (edema, fibrin deposition), multinucleate giant cells, perivascular mononuclear cells, and focal lymphocyte accumulation in areas of consolidation and fibrosis. Each was assigned a value of 0, 1, 2, or 3 for absent, mild, moderate, or severe, respectively. The sum of these values was multiplied by 1, 2, 3, or 4, for, respectively, Ͻ25%, 25% to 50%, 50% to 75%, or Ͼ75% or more of the area of the tissue section affected, yielding an inflammation score. A fibrosis score was calculated similarly, using the criteria of fibroblast proliferation, collagen formation, and collapse and obliteration of alveolar spaces. Scoring was based on H&E sections, except collagen formation, which was scored from duplicate sections stained with Masson's trichrome.
Fibroblast Culture and Cytokine Exposure
Normal human skin or lung fibroblast lines at low passage (ϽP8) were cultured at 37°C in Dulbecco's minimum essential medium with 10% fetal bovine serum. Cells were grown in six-well dishes, 100-mm dishes, or on glass coverslips to ϳ80% confluency, then rendered quiescent for 48 hours in medium containing 0.1% fetal bovine serum. Mediators (n ϭ 3 for each mediator/time point) were added in serum-free medium (SFM) for 1, 3, 6, 24, 48, 72, and 96 hours. For mediator exposures beyond 24 hours, mediators were added in fresh medium every 24 hours. In a subset of cells, after a 96-hour exposure to cytokines, the monolayers were washed three times with SFM and cultured an additional 72 hours in SFM without added cytokines.
Flow Cytometry
Cells were removed from dishes by trypsinization, resuspended in wash buffer, and analyzed by fluorescenceactivated cell sorting as previously described, using either fluorescein isothiocyanate (FITC)-conjugated anti-CD90 or FITC-conjugated isotype control. 12 
Annexin V and Propidium Iodide Staining
Unfixed fibroblasts grown on glass coverslips and treated as described above were processed for detection of cell surface phosphatidylserine expression using FITC-conjugated Annexin V, and for detection of disrupted membrane integrity using propidium iodide, by means of the Annexin V-FITC apoptosis detection kit (Medical and Biological Laboratories Co., Ltd., Woburn, MA), according to the manufacturer's instructions. Fibroblasts were then stained for Thy-1 using mouse antihuman CD90 (Serotec) or isotype control at 1:20, 4°C ϫ 18 hours, then fixed in 3% formaldehyde for 15 minutes and followed by Texas Red X-conjugated F(abЈ) secondary antibody for 1 hour at room temperature. After mounting, coverslips were observed using a Nikon TE200U inverted fluorescence microscope and imaged using a CoolSnap HQ 12 Bit CCD camera (Photometrics, Tucson, AZ). Cycloheximide (100 mol/L)-treated fibroblasts were used as positive controls for Annexin V staining.
Thy-1 Immunoprecipitation
Thy-1 was immunoprecipitated from conditioned media from stimulated fibroblasts using anti-human Thy-1 polyclonal antibody or control antiserum conjugated to protein A/G Sepharose beads, after preclearing with nonconjugated beads. Beads were washed four times with 0.1% Triton X-100, 50 mmol/L Tris-Cl, pH 7.4, 300 mmol/L NaCl, 5 mmol/L ethylenediamine tetraacetic acid, 0.02% sodium azide at 4°C, once with phosphate-buffered saline (PBS) at 4°C, resuspended in nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, boiled 5 minutes, and subjected to SDS-PAGE. Proteins were transferred to polyvinylidene difluoride membranes and subjected to standard immunoblotting for Thy-1. Blots were developed using enhanced chemiluminescence and digital images were obtained using a BioChemi Digital CCD camera (UVP Bioimaging Systems, Upland, CA) and analyzed using LabWorks software (UVP Bioimaging Systems). Intensity of Thy-1-specific bands, which were not present in control immunoprecipitation lanes, was quantified and averaged for triplicate samples.
Immunoblotting
Fibroblasts grown in 100-mm dishes were treated with cytokines as described above. Protein from whole cell lysates prepared in the presence of protease inhibitors was loaded onto 10% SDS-PAGE gels at 25 g per lane, based on Bradford assay (Pierce Chemical Co., Rockford, IL), and separated electrophoretically along with markers of known molecular weight. Protein was transferred onto polyvinylidene difluoride filters that were blocked with 3% milk/PBS and probed with antibody to ␣-SMA (1:1000). Horseradish peroxidase-conjugated secondary antibodies for all immunoblots were used at 1:10,000. The filters were then developed with an enhanced chemiluminescent detection system and autoradiographs generated. Autoradiographs were imaged and analyzed using the Kodak 1D image analysis system (Eastman-Kodak, Rochester, NY). Filters were stripped and reprobed with antibody to ␤-tubulin (1:400). For determination of total and phosphorylated Smad 2/3, cell lysates prepared in the presence of 1.0 mmol/L Na orthovanadate (Sigma), before SDS-PAGE (40 g cell lysate protein/well) and immunoblotting with phosphorylation-specific antibodies to Smad 2/3 (1:1000), then stripped and reprobed with antibody to total Smad (1:2000).
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Total RNA was prepared from stimulated fibroblast monolayers using RNeasy (Qiagen, Inc., Valencia, CA), and integrity of RNA determined by agarose gel electrophoresis and ethidium bromide staining. One g of total RNA was reverse-transcribed and subjected to PCR amplification using the SuperScript III One-Step RT-PCR system (Invitrogen, Inc., Carlsbad, CA) with the following primers: human Thy-1 forward: 5Ј-TCGTAGCGAGAGGAC-GATTG-3Ј, human Thy-1 reverse: 5Ј-GGAGGAGG-GAGAGGGACAGC-3Ј, yielding a 445-bp fragment; and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH; constitutive internal control) forward: 5Ј-CCAC-CCATGGCAAATTCCATGGCA-2Ј identical to positions 212 to 235, and reverse: 5Ј-TCTAGACGGCAGGTCAG-GTCCACC-3Ј, complimentary to positions 786 to 809, yielding a 600-bp fragment. Thy-1 and GAPDH were amplified together using the following cycling parameters: 15 minutes at 95°C, then cycled 28 times at 94°C for 30 seconds, 55°C for 60 seconds, and elongated at 72°C for 60 seconds. Optimal number of cycles to yield linear increase in PCR products was previously determined. After amplification the PCR products were separated on a 2% agarose gel containing 0.3 g/ml of ethidium bromide and bands visualized and analyzed using Kodak 1D imaging system and software (Kodak) and the ratio of the density of Thy-1 to GAPDH was then calculated for triplicate samples.
Immunofluorescence
Cryostat sections from mouse lungs were rinsed in PBS and incubated overnight at 4°C in FITC-conjugated rat anti-mouse CD90.2 or isotype control at 1:20, then fixed in 3% formaldehyde, permeabilized in 0.5% Triton-X100, blocked in 10% normal goat serum, and incubated with either anti-␣-SMA (1:400), anti-phosphorylated Smad 2/3 (1:500), anti-active TGF-␤ (1: 400), or control antiserum (1:500), followed by Texas Red X-conjugated secondary antibody (1:200). Nuclei were counterstained with Hoechst 33258, and slides were washed and mounted using ProLong anti-fade reagent (Molecular Probes, Eugene, OR). Fluorescence microscopy and imaging was as described above for Annexin V staining. For color photomicrographs, monochrome images for green, red, and blue fluorescence were obtained individually using appropriate bandpass filters and merged using MetaMorph software (Universal Imaging Corp.). For BrdU immunofluorescence, cryostat sections were processed using the BrdU In Situ detection kit (BD Pharmingen) according to the manufacturer's instructions. Human fibroblasts grown on coverslips were fixed and permeabilized as described above for cryostat sections and incubated in FITC-conjugated anti-CD90 (1:20) overnight at 4°C followed by Cy3-conjugated anti-␣-SMA (1:400) for 1 hour at room temperature, then counterstained and mounted as described above.
Statistical Analysis
For interval data generated by morphometric analysis of active TGF-␤ IHC, picrosirius red-stained collagen and hydroxyproline analysis, as well as scoring for inflammation and fibrosis, one-way analysis of variance was used to determine significant differences between groups, with the Holm-Sidak method used for multiple pairwise comparisons. SigmaStat 3.0 software (SPSS, Inc., Chicago, IL) was used for all statistical analyses. Significance was accepted at a level of P Ͻ 0.05. BL-treated animals showing no histopathological change were excluded from analysis. For comparison of Thy-1 expression using flow cytometry data, mean FITC fluorescence for the positive population (M2 in Figure 7D ) was averaged for each mediator/time point. One-way analysis of variance and Student's t-test were also used to compare data from immunoprecipitation and immunoblotting studies. Significance was accepted at a level of P Յ 0.05.
Results
Thy-1Ϫ/Ϫ Mice Demonstrate Enhanced Fibrosis after Intratracheal BL Compared to WT C57BL/6 Mice
To determine whether fibroblast Thy-1 expression affects fibrotic responses to lung injury, Thy-1Ϫ/Ϫ and age-matched control mice of the same strain were given BL intratracheally. Histological analysis of lungs from Thy-1Ϫ/Ϫ mice 14 days after intratracheal BL demonstrated increased fibrosis especially in peribronchial and subpleural locations, as indicated by histopathological changes and staining with picrosirius red and Masson's trichrome, indicating collagen deposition (Figure 1; A to D) . BL-treated mice had coalescent multifocal to diffuse alveolitis with accumulation of neutrophils, macrophages, and lymphocytes in alveolar septa and lumina; hypertrophy, hyperplasia, and sloughing of type II alveolar epithelial cells; and multinucleate giant cells in alveolar lumina in severely affected areas. Using a scoring system for inflammation and fibrosis, Thy-1Ϫ/Ϫ mice demonstrated statistically significant fibrosis at 14 days compared to con- . Trichromestained lungs from the same experiment were examined by an experienced veterinary pathologist (T.R.S.) in a blinded manner and assigned a histopathological score for fibrosis as described in Materials and Methods (F: *P Ͻ 0.05 versus NS-treated controls). IHC staining for active and total TGF-␤ was performed and analyzed using morphometric analysis as described in Materials and Methods (G: *P Ͻ 0.01 versus NS-treated controls, † P ϭ 0.012 versus WT BL; H: *P Ͻ 0.005 versus all other conditions). Original magnifications, ϫ2. trols ( Figure 1F , P Ͻ 0.05). There were no significant differences in inflammation between WT and Thy-1Ϫ/Ϫ mice (data not shown). Morphometric analysis of picrosirius red-stained collagen demonstrated more extensive collagen deposition in Thy-1Ϫ/Ϫ mouse lungs in peribronchial regions compared to controls (P ϭ 0.013 versus WT BL, P ϭ 0.009 versus WT NS and 0.010 versus Thy-1Ϫ/Ϫ NS; Figure 1E ). Differences in alveolar septal collagen did not reach statistical significance (not shown). Analysis of lung hydroxyproline content confirmed more extensive collagen deposition in Thy-1Ϫ/Ϫ mouse lungs at 14 days compared to controls (Thy-1Ϫ/Ϫ BL: 102.7 Ϯ 1.5 g/lung; WT BL: 62.7 Ϯ 16.1; Thy-1Ϫ/Ϫ NS: 46.4 Ϯ 1.7; WT NS: 55.4 Ϯ 7; P ϭ 0.001 versus WT BL, P Ͻ 0.001 versus WT NS and KO NS). TGF-␤ is the growth factor most strongly associated with fibrotic responses in the lung and many other organs. 26, 27 Because we had previously demonstrated activation of latent TGF-␤ only in Thy-1-negative fibroblasts, 14 we used an antibody specific to the active form of TGF-␤ for immunohistochemical (IHC) staining in a subset of mice, and analyzed the intensity of staining morphometrically. Figure 1 , G and H, shows that there is significantly higher TGF-␤ activity in Thy-1-null mice after BL (P ϭ 0.012 versus WT BL). Total TGF-␤ immunostaining (including latent and active forms of isoforms 1, 2, and 3) was also increased significantly in Thy-1-null mice after BL (P ϭ 0.013 versus WT BL).
Phosphorylation of Smad 2/3, Indicative of Active TGF-␤ Signaling, Is Increased in Thy-1Ϫ/Ϫ Mice after Intratracheal BL
We determined signaling indicative of TGF-␤ activity in lungs of Thy-1Ϫ/Ϫ and WT mice using an antibody for phosphorylated Smad 2/3, which is a specific signaling intermediate downstream of active TGF-␤. 28 Immunohistochemical staining for pSmad 2/3 demonstrated diffuse, prominent staining in connective tissue cells in fibrotic areas in lungs of Thy-1Ϫ/Ϫ mice 14 days after intratracheal BL (Figure 2D ), compared with patchy staining in WT mice after BL ( Figure 2C ). Some interstitial staining was also seen in Thy-1Ϫ/Ϫ saline-treated control mice ( Figure 2B ). Control antiserum did not stain mouse lung sections, and staining of tissue from invasive breast carcinoma (positive control) was strongly positive in the neoplastic cells (Figure 2, E and F) .
TGF-␤ Activation, Incorporation of BrdU, and ␣-SMA Expression Occur in Thy-1-Negative Cells in Fibrotic Areas in WT Mice after BL
We performed immunofluorescent staining for active TGF-␤ in lungs of WT mice 2 weeks after intratracheal BL or normal saline ( Figure 3, A and B) . Rare cells in fibrotic areas expressed Thy-1, and there was no co-localization of Thy-1 with active TGF-␤. We also performed immunofluorescent staining of phosphorylated Smad 2/3 (not shown). As for active TGF-␤, staining for pSmad 2/3 was absent from control lungs, but diffusely increased in hypercellular fibrotic areas after BL, and did not co-localize with Thy-1. Mice injected with BrdU 1 hour before sacrifice demonstrated no BrdU staining in the lung after saline, but scattered BrdUpositive cells in fibrotic areas after 14 days of BL (Figure 3 , C and D). Again, there was no co-localization with Thy-1. Saline-treated lungs demonstrated ␣-SMA mostly restricted to small arteries, co-localizing with Thy-1. After BL, ␣-SMA was diffusely increased in hypercellular fibrotic areas where Thy-1 was mostly absent. No co-localization of Thy-1 with ␣-SMA was detected in fibrotic areas.
Proliferating Myofibroblasts within Fibroblastic Foci in IPF Are Thy-1-Negative
Lung tissue from 16 individuals with fibrotic lung disease (12 UIP, 2 hypersensitivity pneumonitis, 2 undetermined with end-stage fibrosis) were examined by two anatomical pathologists blinded to the clinical diagnoses to determine patterns of expression of Thy-1 in fibrotic areas. All sections examined demonstrated absent Thy-1 staining in areas of fibroblastic foci. Trace staining was seen in three UIP specimens and one specimen consistent with hypersensitivity pneumonitis, but in all of these cases immunoreactivity was restricted to inflammatory cells or small blood vessels ( Figure 4 , B and D). Within fibroblastic foci characteristic of UIP, Thy-1 staining was absent ( Figure 4 , B and D; Figure 5 , A and C). Adjacent sections were stained for prolyl-4 hydroxylase (P4H) ␤, an essential enzyme for collagen biosynthesis and therefore a sensitive, although not specific, marker for fibroblasts. 29, 30 The majority of the spindle-shaped cells within fibroblastic foci were P4H-positive ( Figure 4E ). Many of these cells were also positive for PCNA ( Figure  4F ), indicating that these were actively proliferating lesions, consistent with previously published studies. 31 Antibody to vimentin stained multiple nonepithelial cell types in both involved and uninvolved areas of lung, and isotype control antibody staining was appropriately nonreactive (not shown). A subset of samples was stained for ␣-SMA. Positive staining was observed in airway and vascular smooth muscle ( Figure 5 , B and F), and in fibroblastic foci ( Figure 5, B and D) . Adjacent sections demonstrated absent Thy-1 staining in the same foci ( Figure 5 , A and C). In areas of dense fibrosis, Thy-1 staining was variable. Figure 5 , E and F, demonstrates Thy-1 staining in scattered spindle-shaped cells in areas of dense fibrosis where ␣-SMA staining is primarily absent.
Normal Lung Fibroblasts Are Predominantly Thy-1-Positive
Normal lung fibroblasts isolated from uninvolved lung removed during tumor resection, or normal lung fibroblasts obtained from commercial sources, were examined for Thy-1 expression by flow cytometry at low passage number (P Ͻ 5). The majority of normal lung fibroblasts (91.7 Ϯ 8%, n ϭ 6) expressed Thy-1 in normal culture conditions. In all normal lung sections examined, or in uninvolved areas of IPF lung sections, Thy-1 immunostaining was seen in the alveolar septae ( Figure 6 , A and B) in locations that were also positive for P4H ( Figure  6, C and D) , and negative for PCNA (not shown).
Human Lung Fibroblasts Exposed to Inflammatory/Fibrogenic Mediators Lose Surface Thy-1 Expression
Based on the above findings, there appeared to be a change in fibroblast Thy-1 expression associated with fibroblastic foci of IPF/UIP. Therefore, we explored whether cytokines and growth factors known to be important in the pathogenesis of fibrosis, or in the transition from lung injury to fibroproliferation, induced changes in fibroblast Thy-1 expression. Normal fibroblasts were cultured in the presence of interleukin-1␤ (IL-1), TNF-␣ (TNF), TGF-␤ (TGF), or fibroblast growth factor-1 (FGF) for specified time intervals up to 96 hours, then examined by flow cytometry. IL-1 and TNF, individually and together caused significant decreases in Thy-1 expression as determined by surface staining with anti-Thy-1 ( Figure 7 , A and D), as did TGF and FGF ( Figure 7A ). The decrease was not present at early time points (1, 3, and 6 hours; not shown), but began to be evident at 24 hours and was most evident at 72 hours. A number of different normal lung and skin fibroblasts were tested and showed decreases in Thy-1 expression between 15% and 30% at 72 hours (Table 1) . Flow cytometry histograms indicated both a shift in the intensity of Thy-1 staining in Thy-1-positive fibroblasts ( Figure 7D; dashed arrow, open arrowhead), and an appearance of Thy-1-negative cells (Figure 7D ; dotted arrow, closed arrowhead). Fluorescent staining of identically treated fibroblasts grown on glass coverslips with either Annexin V-FITC or propidium iodide failed to demonstrate significant apoptosis or necrosis after cytokine treatment for 72 hours (not shown). Additional cultures were exposed to IL-1 and TNF, individually or in combination, for 96 hours, then washed with SFM and cultured for an additional 72 hours in SFM. The intensity of Thy-1 staining in cells after 72 hours of cytokine withdrawal did not differ significantly from that of fibroblasts maintained in SFM for an equivalent time interval (Figure 7B ), suggesting that at this time interval of exposure, loss of Thy-1 is reversible.
Inflammatory Cytokines Induce Accumulation of Soluble Thy-1 in Conditioned Media of Lung Fibroblasts, but No Significant Change in Thy-1 mRNA
To determine mechanisms for the cytokine-induced decreases in Thy-1 expression, we measured accumulation of Thy-1 in conditioned media. Thy-1 was immunoprecipitated from conditioned media of LN-1 fibroblasts exposed to IL-1, TNF, or both cytokines in combination. At 12 hours, there was an approximately twofold increase in soluble Thy-1 in TNF-and IL-1/TNFexposed cultures ( Figure 7C ). IL-1 alone also appeared to cause accumulation of soluble Thy-1, although the quantification did not reach statistical significance. Total RNA from cytokine-stimulated cultures was subjected to RT-PCR for Thy-1. At 6 hours ( Figure 7E ) and 12 hours (not shown) there was no significant change in Thy-1 mRNA levels normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). magnifications, ϫ20 (A, C, E); ϫ100 (B, D, F) .
Loss of Thy-1 Surface Expression in Human Lung Fibroblasts Is Associated with Increased ␣-SMA Expression and Increased Phosphorylation of Smad 2/3
To determine whether the observed in vitro loss of Thy-1 expression in fibroblasts was associated with similar biological changes to those observed in vivo, we performed immunofluorescent staining for Thy-1 and ␣-SMA, and immunoblotting for ␣-SMA, pSmad 2/3, and total Smad, in normal lung fibroblasts after 72 hour exposure to IL-1 and TNF, individually and in combination. At baseline, the majority of normal fibroblasts expressed Thy-1 (green cell surface staining; Figure  8A ). Faint ␣-SMA staining was seen, predominantly in fibroblasts with low or absent Thy-1 expression (red intracellular staining). After 72-hour cytokine stimulation, Thy-1 expression is decreased or absent in many fibroblasts, concurrent with increased ␣-SMA expression ( Figure 8 ; B to D). Immunoblots confirmed increased ␣-SMA expression ( Figure 8E ), and indicated increased TGF-␤ signaling, as demonstrated by an increased ratio of phosphorylated to total Smad, concurrent with shedding of Thy-1 ( Figure 8F ). A: Normal lung fibroblasts were cultured in the presence of IL-1␤ (5 ng/ml), TNF-␣ (1 ng/ml), combined IL-1␤ and TNF-␣ (I/T, 5 ng/ml and 1 ng/ml, respectively), FGF-1 (20 ng/ml), or TGF-␤ (1 ng/ml) for 96 hours, with fresh cytokine-containing medium or SFM replaced daily. Cells were resuspended, stained with anti-CD90 FITC, and analyzed by flow cytometry. The mean FITC fluorescence of the positive population (eg, M2 in D) was averaged for n ϭ 3 per condition and expressed relative to values for SFM-exposed cells, arbitrarily set at 100%. *P Ͻ 0.001 versus SFM; ϩ P Ͻ 0.001 versus TNF; P Ͻ 0.001 versus TNF and P ϭ 0.007 versus IL-1. B: After 96 hours of cytokine exposure, monolayers were washed three times with SFM and cultured for an additional 72 hours in SFM alone, then resuspended and analyzed by flow cytometry. The mean FITC fluorescence for the positive population was averaged and expressed relative to values for SFM-exposed cells, arbitrarily set at 100%. C: Thy-1 was immunoprecipitated from conditioned media of fibroblasts exposed to IL-1␤ (5 ng/ml), TNF-␣ (1 ng/ml), or combined IL-1␤ and TNF-␣ (TϩI, 5 ng/ml and 1 ng/ml, respectively) for 72 hours, as above. Band density of enhanced chemiluminescent images was averaged for three separate experiments. Bars represent mean Ϯ SD. *P Ͻ 0.05 versus SFM; ϩ P Ͻ 0.05 versus IL-1. D: Normal fibroblasts were cultured in the presence of IL-1 and TNF (5 and 1 ng/ml, respectively) for 72 hours. CD90 expression was analyzed by flow cytometry. A representative histogram indicated by solid arrow indicates CD90 staining of SFM-exposed cells, the histogram indicated by broken arrows indicates IL-1/TNF-exposed cells, the histogram at the far left indicates SFM-exposed cells stained with isotype control Ab. Dashed arrow, open arrowhead indicates leftward shift of FITC staining intensity and dotted arrow, closed arrowhead indicates negatively staining cells. E: RNA was prepared from fibroblasts cultured in the presence of IL-1 and/or TNF for 6 hours and subjected to RT-PCR using primers specific for human Thy-1 and GAPDH as described in Materials and Methods. Histogram depicts the ratio of band intensity for Thy-1/GAPDH PCR products averaged for three experiments.
Discussion
The clinical impact of fibrotic diseases and their resistance to treatment have generated an intense search for biological modifiers of fibrogenesis. Findings reported here suggest that the absence of Thy-1 in fibroblasts correlates with a more fibrotic phenotype in vivo, both in the BL model and in human IPF, as well as in vitro. These findings are consistent with our previous studies demonstrating higher proportions of Thy-1-negative lung fibroblasts in rat strains with higher susceptibility to BL-induced fibrosis, and increased fibroproliferation in vitro in Thy-1-negative lung fibroblasts in response to plateletderived growth factor-AA, IL-1, and connective tissue growth factor. 12, 13, 32 Thy-1Ϫ/Ϫ mice have a higher accumulation of collagen and worse fibrosis 2 weeks after intratracheal BL, as well as evidence of extensive TGF-␤ activation. WT mice demonstrate TGF-␤ activation, proliferation, and myofibroblast differentiation in Thy-1-negative cells that predominate in fibrotic areas. In humans, within fibroblastic foci characteristic of UIP, myofibroblasts are negative for Thy-1, unlike the majority of normal lung fibroblasts. Inflammatory and fibrogenic cytokines and growth factors down-regulate Thy-1 expression in normal human lung and skin fibroblasts in vitro, with accumulation of soluble Thy-1 in conditioned media suggesting shedding of cell-surface Thy-1, concurrent with increased TGF-␤ signaling and ␣-SMA expression. These findings confirm a significant role for a Thy-1-negative subpopulation of lung fibroblasts in lung fibrosis, and strongly support the possibility that early injury/inflammatory events lead to the emergence and persistence of a profibrotic, Thy-1-negative myofibroblastic subpopulation.
Fibroblast Thy-1 subpopulations with differing phenotypes have been isolated from other tissues, such as spleen and orbital soft tissues. 33, 34 The subsets, when sorted using magnetic beads or flow cytometry, remain stable through many passages in culture. However, the significance of Thy-1 expression with regard to fibrosis has not been determined. Thy-1 is a glycophosphatidylinositol (GPI)-linked cell-surface glycoprotein expressed on subsets of neurons, hematopoietic/immune cells, and fibroblasts. Thy-1 interacts in lipid rafts with multiple signaling intermediates important in regulating cell adhesion and cytoskeletal reorganization necessary for migration. [35] [36] [37] [38] The consequences of fibroblast Thy-1 expression are less well known, but our previous studies indicate that Thy-1 modulates intracellular signaling critical to fibroproliferation, 12, 13, 32 cell adhesion, cell migration, and cytoskeletal reorganization. 39, 40 Recent in vitro data show that activation of latent TGF-␤ and increased myofibroblastic differentiation in response to inflammatory signals occur exclusively in Thy-1-negative rat lung fibroblasts, 14 consistent with findings reported here in vivo and in vitro in human lung fibroblasts.
Thy-1Ϫ/Ϫ mice have a normal life expectancy, alterations in hippocampal long-term potentiation and mildly impaired cutaneous immunity. 19, 41, 42 These findings are consistent with known roles of Thy-1 in neurite outgrowth, which could affect central nervous system development, and in modulating adhesion and signaling in lymphocytic cells. Before the current study, fibroproliferative responses have not been studied in Thy-1Ϫ/Ϫ mice. Because in these mice Thy-1 is absent from all cells that would otherwise express it, it is possible that the differences we observe are not due solely to changes in fibroblast Thy-1 expression. Negative testing for a comprehensive panel of infectious agents in these mice, as well as the absence of lung pathology in saline-treated Thy-1Ϫ/Ϫ controls, indicate that the differences we observed are not likely to be the result of differential infection with respiratory pathogens arising from altered host defense. Because Thy-1 is expressed on murine lymphocytes, it is possible that differences in inflammation between Thy-1Ϫ/Ϫ mice and WT mice could affect fibrotic responses to BL. BL administration results in an inflammatory response, although the role of lymphocytic inflammation in the BL response is controversial, as is the role of inflammation in IPF. 43, 44 BL-induced fibrosis is observed in lymphocyte-depleted mice. 45 In the studies reported here, histopathological scoring of inflammation was increased in both WT and Thy-1Ϫ/Ϫ mice at 14 days, with no significant differences in the two groups (data not shown). Given the well-characterized role of fibroblasts in fibroproliferation and collagen deposition, and the previously described profibrotic phenotype of Thy-1-negative fibroblasts in vitro, it is likely that absence of Thy-1 expression on fibroblasts is what predisposes Thy-1Ϫ/Ϫ mice to more severe fibrosis.
In IPF, a paradigmatic and pernicious form of lung fibrosis in humans, one of the most rigorous clinical correlates of a poor prognosis is the presence of fibroblastic foci at histopathology. [2] [3] [4] [5] These are thought to represent collections of interstitial fibroblasts with persistent activation of wound healing functions, such as proliferation and matrix elaboration (granulation tissue or young connective tissue). The origin and nature of these fibroblasts is unknown, although certain features, such as ␣-SMA expression, have been characterized and are consistent with fibroproliferative fibroblasts in other tissues, such as granulating wounds. 46 We hypothesized, based on studies in our laboratory and others, that these would be predominantly Thy-1-negative. Our findings indicate absent Thy-1 staining in spindle-shaped cells that are mostly P4H and PCNApositive in fibroblastic foci. Thy-1 can be expressed in smooth muscle cells and is inducible in endothelial cells. 47 Thy-1 staining is seen in small blood vessels in human IPF sections in our study, confirming that absence of staining in fibroblastic foci is not artifactual. A well-established feature of fibrotic fibroblasts in lung and other tissues is expression of ␣-SMA and enhanced contractility, indicating a myofibroblastic phenotype. 48 As expected, fibroblasts in foci in our study samples expressed ␣-SMA. Furthermore, ␣-SMA expression was seen in Thy-1-negative cells in fibrotic areas in the BL model, and loss of Thy-1 correlated with increased ␣-SMA expression in vitro. These findings differ from those of a recent study in orbital and myometrial fibroblasts, which indicated that Thy-1-positive cells derived from the eye and uterus are more likely than Thy-1-negative cells to be myofibroblasts. 49 Our findings reported here, including in vivo and in vitro data from both mice and humans, as well as recent in vitro studies in rat lung fibroblasts, 14 indicate that in lung fibroblasts Thy-1 and ␣-SMA are discordant, suggesting that correlation of Thy-1 and ␣-SMA is likely to be tissue-specific. Multiple published studies support heterogeneity of fibroblasts among different tissues. 50 Our findings could be interpreted as demonstrating either that the presence of Thy-1 is protective or that its loss is pathogenic. Analysis of our data together with published studies favors the latter. First, we have shown that the majority of fibroblasts cultured from normal human lung are Thy-1-positive (91.7 Ϯ 8%). These proportions appear to represent the level of expression in vivo. Although there is no widely accepted fibroblast-specific marker, we have demonstrated Thy-1 staining in both normal lung and in uninvolved areas of lung in UIP, in a pattern nearly identical to that seen with P4H, and consistent with the anatomical location of fibroblasts (interstitial septal areas and connective tissue surrounding small airways and blood vessels). Secondly, in other model systems the loss of Thy-1 correlates with pathogenic alterations. Optic nerve injury results in down-regulated Thy-1 expression in retinal ganglion cells. 51 Oncogenic transformation of 3T3 cells with ras proto-oncogene results in internalization of Thy-1 associated with acquisition of an anchorage-independent phenotype. 52 Thy-1 can also be shed from the cell surface, and this mechanism has been demonstrated in fibroblastic synoviocytes in inflamed joints in rheumatoid arthritis. 53 Thirdly, we have demonstrated a shift from Thy-1 positive to negative associated with pathogenic alterations in vivo (UIP, BL) and in vitro (cytokine exposure). Thy-1 expression decreases with exposure to IL-1␤, TNF-␣, and IL-1 and TNF in combination. We have also observed loss of Thy-1 in response to TGF-␤ and fibroblast growth factor (FGF)-1. Decreases in response to IL-1 and TNF were first discernible at 24 hours (not shown) and continued up to 96 hours. Flow cytometry histograms showed both leftward shift in Thy-1 profile of Thy-1-positive cells and emergence of a Thy-1-negative subpopulation. Shedding of Thy-1 appeared to be a prominent mechanism for the loss of Thy-1 observed. Thy-1 was recovered from conditioned media of cultured fibroblasts by immunoprecipitation, and the amount increased with exposure to the above-named mediators, at both 6 and 12 hours, with TNF-␣ having the most pronounced effect. Accumulation in conditioned media correlated temporally with loss from the cell surface detected by flow cytometry. The degree of shedding and time course we observed is similar to that recently reported for Thy-1 shedding from fibroblasts induced by human cytomegalovirus infection. 54 Interestingly, human cytomegalovirus and other herpesvirus family members have been implicated in the pathogenesis of IPF. 55 Other potential mechanisms of Thy-1 loss, such as internalization/degradation or decreased transcription are less likely to underlie changes seen at 6 and 12 hours, but may come into play at later time points. We were unable to detect changes in mRNA at 6 and 12 hours.
The in vitro shedding of Thy-1 throughout 72 to 96 hours is associated with significant biological changes in lung fibroblasts, namely increased endogenous TGF-␤ signaling as demonstrated by Smad phosphorylation, and increased expression of ␣-SMA, suggesting myofibroblastic differentiation. In the relatively short time frame imposed by experimental conditions, the loss of Thy-1 is incomplete and transient. In vivo, in the setting of prolonged cytokine exposure, interaction with other cell types, and an altered matrix milieu, shedding of Thy-1 could initiate a more permanent shift toward a Thy-1-negative, profibrotic myofibroblast phenotype.
Our findings indicate that loss of fibroblast Thy-1 expression appears to be an important mechanism in lung fibrogenesis. An initiating event, unknown in the case of IPF, triggers release of fibrogenic mediators from parenchymal or immune/inflammatory cells, which then mediates loss of fibroblast cell surface Thy-1. Thy-1-negative fibroblasts, which are more sensitive to growth factors, such as platelet-derived growth factor-AA and connective tissue growth factor, may selectively proliferate and accumulate in early fibrogenic lesions, and may then persist through autocrine signaling. Furthermore, based on the differential cellular morphology of Thy-1 subpopulations, and the known effects of Thy-1 on adhesion and motility in lymphocytic and neuronal cells, Thy-1-negative fibroblasts may preferentially migrate into provisional matrix and form the nidus for development of fibroblastic foci. Thus the cell surface glycoprotein Thy-1 is likely to be an important regulator of fibrogenic responses in fibroblasts. Delineation of the molecular mechanisms involved and the role of Thy-1 fibroblast subpopulations in other fibrotic conditions should yield novel insights into the molecular pathogenesis of fibrosis.
